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Nowadays, quantum router is playing a key role in quantum communication and quantum net-
works. Here we propose a tunable single-photon routing scheme, based on quantum interference,
which uses two distant artificial atoms coupling to two transmission lines. Depending on the dis-
tance between the two atoms, the collective effect will lead to destructive or constructive interference
between the scattered photons. Under standing wave condition, single photon from the incident
channel can be perfectly transmitted or redirected into another channel by asymmetric or symmet-
ric reflected phase shift of atoms, respectively. Therefore, we show that our router can be controlled
by adjusting the detuning of the atoms and interatomic distance, without any classical field.
I. INTRODUCTION
Efficient quantum network is a very important ingre-
dient for transmitting information quickly over large dis-
tances in quantum information [1]. It consists of quan-
tum channels and nodes, which are provided by waveg-
uides and quantum emitters, respectively. Photons are
the most suitable carriers for transmitting information
due to the fact that they propagate with very low loss
and long-lived coherence in a wide range of media [2].
Strong interaction between matter and propagating pho-
tons is critical for quantum networks. A common ap-
proach to realizing strong matter-photons coupling is to
use quantum emitters coupled to one-dimensional pho-
tonic waveguides. Recently, the photons transport in one
dimensional waveguide has been studied extensively both
theoretically [3–15] and experimentally [16, 17].
Quantum router [18–29] for controlling the path of sig-
nals is an essential element for the quantum network.
Recently, many theoretical [18–25] and experimental[26–
29] researches on quantum routing of single photon have
been proposed in various systems. Zhou and Lu et al.
proposed schemes for the quantum routing of single pho-
ton with two output channels by a three-level atom with
the help of classical field [21, 22]. A single-photon router
with multiple input and output ports has been studied
by Yan et al. using the interferences related to the phase
differences of photons [23]. In these configurations, the
single photon injected into the input channel can be redi-
rected into another channel with a maximum probabil-
ity no more than 1/2 due to the emission symmetry of
quantum emitter. Thus a multichannel quantum router,
which can be redirected into either of the output channels
with an extremely high probability, will be of consider-
able interest.
In this paper, we propose a simple and scalable scheme
for the quantum routing of single photon with two out-
put channels, which is realized by two transmission lines
(TLs). Here the active element of the router is a system
∗ lichong@dlut.edu.cn
consisting of two artificial atoms, which are two super-
conducting transmon qubits strongly coupled to two TLs.
Our scheme is based on quantum interferences between
the scattered photons by two atoms. An adequate engi-
neering of the system can be used to break the emission
symmetry of two atoms, channeling the emitted photons
preferentially into one of the two TLs. Under standing
wave condition and suitable choice of system parameters,
we find that the reflectance and the backward transfer
rate of single photon are zero due to quantum destructive
interference. In asymmetric reflected phase shift case,
single photon from the incident channel can be perfectly
transmitted into another channel due to quantum con-
structive interference. In symmetric reflected phase shift
case, the quantum interferences redirect the input pho-
ton into the other channel completely when input photon
near resonantly interact with the atoms at the same de-
cay rates. These are in sharp contrast to the previous
theoretical schemes [21–23] concentrating on single-atom
case. Analytical and numerical results show that the sin-
gle photon router can be controlled by adjusting the de-
tuning of the atoms and interatomic distance, without
any classical field.
II. THE MODEL
As shown in Fig. 1, our model consists of two super-
conducting transmon qubits separated by a distance L
coupled to two one-dimensional TLs. The transmission
lines have a continuous spectrum of photonic modes prop-
agated to left and right. Under the dipole and rotating-
wave approximation, the Hamiltonian for whole system
in interaction picture reads (~ = 1)[6]
H =
∑
j=a,b
∫
dωω(r†ωjrωj + l
†
ωj lωj) +
∑
n=1,2
ωnσ
+
n σ
−
n
+
∑
j=a,b
∑
n=1,2
[ ∫
dωgn,jσ
+
n rωje
iωzn/vg
+
∫
dωgn,jσ
+
n lωje
−iωzn/vg
]
+H.c.
(1)
2ω
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FIG. 1. (Color online) Schematic diagram of the quantum
routing of the single photon. The two transmission lines are
connected by two distant transmon qubits (separated by L).
An input photon from the left side of TL-a will be transmit-
ted, reflected or transferred to TL-b.
where rωj (lωj) is annihilation operator for a right(left)-
propagating photon with frequency ω in the TL-j. σ+1
(σ+2 ) and σ
−
1 (σ
−
2 ) are raising and lowering operators for
the qubit-1 (qubit-2) with transition frequency ω1 (ω2),
at position z1 = −L/2 (z2 = L/2), respectively. vg is
group velocity of the photons. gn,j is coupling strength
of the qubit-n to the TL-j. Here we assume that the
frequency width of pulses is much smaller than carrier
frequency, we thus take the coupling strength gn,j to be
independent of the photon frequency[12].
III. SINGLE-PHOTON QUANTUM ROUTER
In this paper, we are interested in the single pho-
ton scattering by two separated qubits, i.e. the two
qubits act as a quantum router. We introduce the
input-output formalism for few-photon transport based
on scattering theory [6, 7]. Then we define the in-
put and output field operators that travel to the right
as oin,j(t) =
1√
2pi
∫
dωe−iω(t−t0)oωj(t0), and oout,j(t) =
1√
2pi
∫
dωe−iω(t−t1)oωj(t1) (o = r, l), in the limit t0 →
−∞ and t1 →∞. Following the procedure in Refs. [6, 7],
we obtain the input-output formalism equations as
rout,j(t) = rin,j(t)− i
√
2pig1,jσ
−
1 (t−
L
2vg
)
− i
√
2pig2,jσ
−
2 (t+
L
2vg
),
(2)
lout,j(t) = lin,j(t)− i
√
2pig1,jσ
−
1 (t+
L
2vg
)
− i
√
2pig2,jσ
−
2 (t−
L
2vg
),
(3)
σ˙−1 (t) = (−iω1 −
∑
j=1,2
2pig21,j)σ
−
1 (t)
+
∑
j=1,2
i
√
2pig1,jσ
z
1(t)[rin,j(t+
L
2vg
)
+ lin,j(t− L
2vg
)−
√
2pig2,jσ
−
2 (t−
L
vg
)],
(4)
σ˙−2 (t) = (−iω1 −
∑
j=1,2
2pig22,j)σ
−
2 (t)
+
∑
j=1,2
i
√
2pig2,jσ
z
2(t)[rin,j(t−
L
2vg
)
+ lin,j(t+
L
2vg
)−
√
2pig1,jσ
−
1 (t−
L
vg
)].
(5)
According to the input-output relation, the output
states of our device for given input states are governed by
the scattering matrix (S-matrix), |Ψout〉 = S|Ψin〉. We
assume that, initially, a photon is injected into the TL-a
from the left side, as shown in Fig. 1. The S-matrix el-
ements describe the single-photon scattering amplitudes
as So,j(k, p) = 〈0|oout,j(p)r†in,1(k)|0〉. Here the k and p
refer to free-photon frequency incidently and outgoingly,
respectively.
Fourier transforming of the Eqs. 2 and 3 leads to the
single-photon scattering amplitude,
Sr,j(k, p) = 〈0|rin,j(p)|k+〉
− i
√
2pig1,jF−1[〈0|σ−1 (t−
L
2vg
)|k+〉]
− i
√
2pig2,jF−1[〈0|σ−2 (t+
L
2vg
)|k+〉],
(6)
Sl,j(k, p) = −i
√
2pig1,jF−1[〈0|σ−1 (t+
L
2vg
)|k+〉]
− i
√
2pig2,jF−1[〈0|σ−2 (t−
L
2vg
)|k+〉],
(7)
where |k+〉 ≡ r†in,1(k)|0〉, F−1[] denotes the inverse
Fourier transform operator. In order to calculate
F−1[〈0|σ−(1,2)(t)|k+〉], we use Eqs. 4 and 5 to perform
an inverse Fourier transformation, so that we can derive
iterative formulas of F−1[〈0|σ−(1,2)(t)|k+〉],
F−1[〈0|σ−1 (t)|k+〉] = iS1F−1[〈0|r(in,1)(t+
L
2vg
)|k+〉]
+ T1F−1[〈0|σ−2 (t−
L
vg
)|k+〉],
(8)
F−1[〈0|σ−2 (t)|k+〉] = iS2F−1[〈0|r(in,1)(t−
L
2vg
)|k+〉]
+ T2F−1[〈0|σ−1 (t−
L
vg
)|k+〉],
(9)
where
Sn =
−√γn,a
γn,a + γn,b
cos θne
iθn ,
Tn =
−√γ1,aγ2,a −√γ1,bγ2,b
γn,a + γn,b
cos θne
iθn ,
3γn,j = 2pig
2
n,j is the decay rate from the qubit-n to the
TL-j, and θn = arctan[(p−ωn)/(γn,a+γn,b)] is the phase
shift given by the qubit-n to the light upon reflection [11].
We plug iteration equations 8 and 9 into Eqs. 6 and 7 to
obtain the single-photon scattering matrix So,j(k, p) =
tjoδ(p− k), where
tar = 1 +
√
γ1,aS1 +
√
γ1,aT1S2e
ik2L/vg +
√
γ2,aS2 +
√
γ2,aT2S1
1− T1T2eik2L/vg
,
tbr =
√
γ1,bS1 +
√
γ1,bT1S2e
ik2L/vg +
√
γ2,bS2 +
√
γ2,bT2S1
1− T1T2eik2L/vg
,
tal =
√
γ1,aS1 + (
√
γ1,aT1S2 +
√
γ2,aS2 +
√
γ2,aT2S1)e
ik2L/vg
1− T1T2eik2L/vg
,
tbl =
√
γ1,bS1 + (
√
γ1,bT1S2 +
√
γ2,bS2 +
√
γ2,bT2S1)e
ik2L/vg
1− T1T2eik2L/vg
,
(10)
tar (t
a
l ) is the transmitted (reflected) amplitude and t
b
r
(tbl ) is the forward (backward) transfer amplitude. where
we have used the equation [6],
F−1[〈0|rin,1(t− 2NL
vg
)|k+〉] = eik 2NLvg δ(p− k). (11)
According to the probability conservation, the scatter-
ing amplitudes satisfy |tar |2 + |tal |2 + |tbr|2 + |tbl |2 = 1. It
should be noted that single-photon scattering amplitude
depends on the interatomic distance through the dephas-
ing term eik2L/vg , so we can adjust the interatomic dis-
tance to make the incoming photon in TL-a transfer to
TL-b. It is the two distant atoms that implements the
photon-redirection function of the quantum router.
To see the effect of the single-photon router more
clearly, we look into the situation in which the distance
between the qubits satisfies the standing wave condition
(i.e. 2kL/vg+θ1+θ2 = 2npi). If we set cos θ1 = cos θ2 (i.e.
θ1 = ±θ2), and γ1,a/γ1,b = γ2,a/γ2,b, we find that the re-
flectance Ra = |tal |2 and the transfer rate T bl = |tbl |2 are
zero. This is because of the quantum interferences. The
scattering amplitude tal (t
b
l ) vanish when left-moving pho-
tons scattered by the two qubits interfere destructively
and cancel each other completely in TL-a (TL-b).
We first consider the situation in which reflected phase
shift given by the qubit-1 is equal to the one given by the
qubit-2, i.e. θ1 = θ2. In this case, the reflectance R
a and
the transfer rate T bl vanish and the conservation relation
changes into |tar |2 + |tbr|2 = 1. Inserting θ1 = θ2 and
γ1,a/γ1,b = γ2,a/γ2,b into Eqs. 10, we obtain the single-
photon scattering probability as below:
T a = |tar |2 = 1−
4γ1,aγ1,b
(γ1,a + γ1,b)2
cos2 θ,
T br = |tbr|2 =
4γ1,aγ1,b
(γ1,a + γ1,b)2
cos2 θ.
(12)
Obviously, only if the input photon near resonantly in-
teract with the qubits and the decay rate γ1,a is equal to
γ1,b, i.e. cos θ → 1 and β = γ1,a/γ1,b = 1, the input pho-
ton can be redirected into the other output channel com-
pletely. This is in sharp contrast to the single-atom case,
where perfect transfer rate cannot be observed [21, 22].
This is the result of quantum constructive interference.
When the reflected phase shift cos θ → 0, single photon
can not travel in TL-b, i.e. single photon is totally trans-
mitted to the right side of TL-a. The condition cos θ → 0
corresponds to the large detuning case. When γ1,a ≪ γ1,b
or γ1,a ≫ γ1,b, we can also get the result T a ≈ 1, which is
similar to the large detuning case. In this case, one of two
TLs is decoupled to two qubits. It means that two TLs
are not connected, and the photon will be transmitted
completely.
To show the details of the quantum routing of the
single photon in the θ1 = θ2 case, we plot the trans-
fer rate T br against the phase shift and distance in Fig.
2. For simplicity, in the following we will consider
γ1,a = γ2,a = 1 and L in units of the photon wavelength
λ = 2pivg/k. We notice that there is a large window
of perfect transfer rate: T br ≈ 1, when the decay rates
from qubits to TLs are equal. When the decay rates
are not equal, input photon can not be redirected into
the other channel completely. The single-photon scat-
tering probabilities can be controlled by adjusting the
detuning and interatomic distance. Fig. 3(a) shows the
single-photon scattering probability against interatomic
distance L. We find that the scattering probability is a
periodic function about distance L. When the distance
between the qubits satisfies standing wave condition, the
transfer rate T br is approximately unity. If the distance
can not satisfy standing wave condition, the probabili-
ties of single photon redirected in the four output ports
are approximately equal. This is because reflections from
the two qubits can not interfere destructively and cancel
each other completely. As shown in Fig. 3(b), we plot
the transfer rate T br as a function of the wave number k
for various values of L. The width of this transfer win-
dow sees a dramatic increase along with the interatomic
distance. On the contrary, we find that the altitudes of
4(a) (b)
FIG. 2. (Color online) Color maps of the transfer rate T br as
a function of the phase shift θ = θ1 = θ2 and distance L. (a)
β=1, (b) β=3.
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FIG. 3. (Color online) (a) the single-photon scattering prob-
abilities as a function of the distance L in symmetric reflected
phase shift case. We set θ = 0.2. (b) the transfer rate T br as
a function of the wave number k for various values of L. We
set λ1 = 2pivg/ω1. Both curves are plotted for ω1 = ω2 = 20.
the transfer rate window decrease with the distance.
Next we consider the case that the reflected phase shift
from the qubit-1 is equal to negative one from the qubit-2
(i.e. θ1 = −θ2). In this case, the standing wave condi-
tion changes into 2kL/vg = 2npi. Different from sym-
metric reflected phase shift case, we find that the right-
moving photons in TL-b from the two qubits interfere
destructively and cancel each other completely due to
(a) (b)
FIG. 4. (Color online) Color maps of the transmission T a as
a function of the phase shift θ = θ1 = −θ2 and distance L.
(a) β=1, (b) β=3.
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FIG. 5. (Color online) (a) the single-photon scattering proba-
bilities as a function of the distance L in asymmetric reflected
phase shift case. We set θ = 0.2. (b) the transfer rate T a as
a function of the wave number k for various values of ω2. We
set L = 4pivg/(ω1+ω2). Both curves are plotted for ω1 = 20.
antisymmetric reflected phase shift, i.e. single photon
are completely transmitted.
As shown in Fig. 4, there is a large window of per-
fect transmission: T ar ≈ 1, even when the detuning of
single photon is within the resonance linewidth. This
has obvious differences with the single-atom case, where
perfect transmission is only possible for far off-resonance
photons [21, 22]. Similar to symmetric reflected phase
5shift case, the scattering probability is a periodic func-
tion about distance L as shown in Fig. 5(a). Under the
standing wave condition, the transmission T a is approx-
imately unity. Fig. 5(b) shows the transfer rate T a as a
function of the wave number k for various values of ω2.
The width of this central transparency window is only de-
termined by the detuning between the incoming photon
and the qubits. Furthermore, the system is transparent
for (k − ω2) → ±∞, where the incoming photon is far
off-resonant and thus does not interact with the qubits.
Unlike symmetric reflected phase shift case, we find the
altitudes of the transmission window is constant.
IV. CONCLUSION
In conclusion, we have presented a detailed investiga-
tion on the routing of single photon by two distant ar-
tificial atoms. The routing of photons can be achieved
by reflected phase shift given by the atoms and distance
between the atoms. Unlike the single-atom case, the re-
flectance and the backward transfer rate of single photon
vanish under standing wave condition and suitable choice
of system parameters. We have shown that single pho-
ton incident from the left sides of TL-a can be totally
transfer to the right side of TL-b at cos θ1 = cos θ2 → 1
when the decay rates of atoms are equal. For the asym-
metric reflected phase shift case, the perfect transmission
occurs even when the detuning of single photon is within
the resonance linewidth. We believe that our device can
be readily implemented to the existing technology.
V. ACKNOWLEDEMENT
We acknowledge grant support from the NSF
No.11375036, No.11505024 and No.11574041 and the
Fundamental Research Funds for the Central Universi-
ties No.DUT10LK10.
[1] H. J. Kimble, ”The quantum internet,” Nature (London)
453, 1023-1030 (2008).
[2] J. L. O’Brien, A. Furusawa, and J. Vuckovic, ”pho-
tonic quantum technologies,” Nat. Photonics 3, 687-695
(2009).
[3] J. T. Shen, and S. Fan, ”Coherent photon transport from
spontaneous emission in one-dimensional waveguides,”
Opt. Lett. 30, 2001-2003 (2005).
[4] J. T. Shen, and S. Fan, ”Strongly Correlated Two-Photon
Transport in a One-Dimensional Waveguide Coupled to a
Two-Level System,” Phys. Rev. Lett. 98, 153003 (2007).
[5] D. Witthaut, and A. S. Sørensen, ”Photon scattering by
a three-level emitter in a one-dimensional waveguide,”
New J. Phys. 12, 043052 (2010).
[6] S. Fan, S. E. Kocabas, and J. T. Shen, ”Input-output
formalism for few-photon transport in one-dimensional
nanophotonic waveguides coupled to a qubit,” Phys. Rev.
A 82, 063821 (2010).
[7] E. Rephaeli, S¸. E. Kocabas¸, and S. Fan, ”Few-photon
transport in a waveguide coupled to a pair of colocated
two-level atoms,” Phys. Rev. A 84, 063832 (2011).
[8] D. Roy, ”Two-Photon Scattering by a Driven Three-Level
Emitter in a One-Dimensional Waveguide and Electro-
magnetically Induced Transparency,” Phys. Rev. Lett.
106, 053601(2011).
[9] P. M. Leung and B. C. Sanders, ”Coherent Control of
Microwave Pulse Storage in Superconducting Circuits,”
Phys. Rev. Lett. 109, 253603 (2012)
[10] K. Lalumie`re, B. C. Sanders, A. F. van Loo, et. al.
”Input-output theory for waveguide QED with an ensem-
ble of inhomogeneous atoms,” Phys. Rev. A 88, 043806
(2013)
[11] H. Zheng and H. U. Baranger, ”Persistent Quantum
Beats and Long-Distance Entanglement fromWaveguide-
Mediated Interactions,” Phys. Rev. Lett. 110, 113601
(2013).
[12] L. Neumeier, M. Leib, and M. J. Hartmann, ”Single-
Photon Transistor in Circuit Quantum Electrodynam-
ics,” Phys. Rev. Lett. 111, 063601(2013).
[13] T. Zhou, X. Zang, Y. Liu, J. Chen, and Y. Zhu, ”Single-
photon transport properties in a one-dimensional res-
onator waveguide coupled to a whispering-gallery res-
onator containing two separated two-level atoms,” J.
Opt. Soc. Am. B 30, 978-981 (2013).
[14] X. Zang, T. Zhou, B. Cai, and Y. Zhu, ”Single-photon
transport properties in an optical waveguide coupled with
a Λ-type three-level atom,” J. Opt. Soc. Am. B 30, 1135-
1140 (2013).
[15] F. Fratini, E. Mascarenhas, L. Safari, et. al. ”Fabry-
Perot Interferometer with Quantum Mirrors: Nonlin-
ear Light Transport and Rectification,” Phys. Rev. Lett.
113, 243601 (2014).
[16] O. V. Astafiev, A. M. Zagoskin, A. A. Abdumalikov, et.
al. ”Resonance Fluorescence of a Single Artificial Atom,”
Science 327, 840-843 (2010).
[17] A. F. van Loo, A. Fedorov, K. Lalumie`re, et. al.
”Photon-Mediated Interactions Between Distant Artifi-
cial Atoms,” Science 342, 1494-1496 (2013).
[18] G. S. Agarwal, and S. Huang, ”Optomechanical systems
as single-photon routers,” Phys. Rev. A 85, 021801(R)
(2012).
[19] K. Xia, and J. Twamley, ”All-Optical Switching and
Router via the Direct Quantum Control of Coupling be-
tween Cavity Modes,” Phys. Rev. X 3, 031013 (2013).
[20] K. Lemr, K. Bartkiewicz, A. Cˇernoch, and J. Soubusta,
”Resource-efficient linear-optical quantum router,” Phys.
Rev. A 87, 062333 (2013).
[21] L. Zhou, L. P. Yang, Y. Li, and C. P. Sun, ”Quantum
Routing of Single Photons with a Cyclic Three-Level Sys-
tem,” Phys. Rev. Lett. 111, 103604 (2013).
[22] J. Lu, L. Zhou, L. M. Kuang, and F. Nori, ”Single-photon
router: Coherent control of multichannel scattering for
single photons with quantum interferences,” Phys. Rev.
6A 89, 013805 (2014).
[23] W. B. Yan, B. Liu, L. Zhou, and H. Fan ”All-optical
router at single-photon level by interference,” Europhy.
Lett. 111 64005 (2015).
[24] W. B. Yan, and H. Fan, ”Single-photon quantum router
with multiple output ports,” Sci. Rep. 4, 4820 (2014).
[25] J. Lu, Z. H. Wang, and L. Zhou ”T-shaped single-photon
router,” Opt. Express 23, 22955-22962 (2015).
[26] T. Aoki, A. S. Parkins, D. J. Alton, et. al. ”Efficient
Routing of Single Photons by One Atom and a Micro-
toroidal Cavity,” Phys. Rev. Lett. 102, 083601 (2009).
[27] I. C. Hoi, C. M. Wilson, G. Johansson, et. al. ”Demon-
stration of a Single-Photon Router in the Microwave
Regime,” Phys. Rev. Lett. 107, 073601 (2011).
[28] X. S. Ma, S. Zotter, J. Kofler, T. Jennewein, and
A. Zeilinger, ”Experimental generation of single photons
via active multiplexing,” Phys. Rev. A 83, 043814 (2011).
[29] I. Shomroni, S. Rosenblum, Y. Lovsky, et. al. ”All-optical
routing of single photons by a one-atom switch controlled
by a single photon,” Science 345, 903-906 (2014).
